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Abstract 
 
This thesis encompasses the design, both through semi-analytical and numerical 
means, and preliminary fabrication of plasmonic nanoarrays that exhibit a dramatic 
transmission of electromagnetic waves. Plasmonics is a field that has attracted a lot of 
interest, especially for its ability to guide light around vertices with almost zero 
propagation loss and for the surface field enhancement properties of plasmons. The 
thickness of the metal used to guide plasmons has a significant impact on the 
localization and loss of the supported plasmon resonance and thus it was of interest to 
examine the effect nanoparticle thickness would have on a known phenomenon was 
of interest. In this work, the thickness of a common nanoarray design has been 
investigated using two computational – one semi analytical and the other numerical – 
techniques. The aim was to define the effect that thickness of the nanoparticles has on 
the resonance of the array. It was thought that using gold films of different thickness 
could aid in having faster and more accurate fabrication. It was then imperative that 
the changes in resonances of thicker nanoparticles be known so larger arrays could 
be eventually fabricated. The results of these techniques have been compared to 
evaluate the effects of retardation (secondary reradiation effects), one technique does 
not take this into account however proved to still be of ample value in its speed. It was 
found that as thickness of the nanoparticles increased, so too did the amplitude of the 
dark mode – resonance exhibiting small scatting and large transmission - resonance. 
Both the bright and dark modes observed blueshifted resonance peaks for a thicker 
nanoparticle and retardation was significant for all thicknesses of the nanoparticles, 
with spectral shifts greater than 300 nm. It was also tentatively shown that focused ion 
beam lithography is an inefficient fabrication technique for these arrays and alternative 
lithography and surface plasmon resonance creating techniques have been suggested 
with the alternative waveguide having been briefly investigated and a prototype 
fabricated.  
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I n t r o d u c t i o n  
Chapter 1.0 Introduction 
 
The evanescent coupling between two closely spaced metallic nanoparticles under 
incident electromagnetic radiation can result in conditions that do not result in any 
net scattering of light [1]. Nanoparticle is a general term meaning a particle with 
geometric parameters less than 1 µm. The field of plasmonic study has been 
undertaken significantly in the last century. It was first described in some context as 
early as the late 1890’s [2] and is consistently of significant interest for the light-
bending, optical waveguiding-limit surpassing and resonance altering properties it 
displays. Surface plasmon polaritons and localised surface plasmons are the two 
main phenomena described in the field. They were originally called surface waves 
and are essentially oscillations the electron cloud surrounding bulk metals. Plasmons 
are able to sustain a wave in a metal when the metal is smaller than the wavelength 
of the photon striking it as it is a particle oscillation of electrons rather than a guiding 
of the photon [2]. Due to the wave-nature of both surface and localised plasmons, 
the arrangement of bound electrons on the metal boundary results in arrangements 
of surface charge and dipoles which adheres to the frequency of oscillation. This 
charge configuration results in changes in the electric and magnetic fields in close 
proximity to the nanoparticles which, as will be discussed and demonstrated, results 
in alterations in the resonances of the particles that can be manipulated to give 
interesting results [1], [3]. 
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No net scatting of light as analogous to an increased transmission at said resonant 
wavelength [4] as per the conventional definition of transparency. This process, first 
described by Fano [5] for the interaction between He atoms, is known as 
Electromagnetically Induced Transparency (EIT) and colloquially called “cloaking” in 
reference to popular science fiction. Fano’s findings offered a then new resonance 
spectrum “shape” which did not conform with the Lorenrzian line shape [5]. This new 
line shape described a hybridisation of energy states of He ions due to their 
configurations which caused a superposition of the energy states of those He ions 
resulting in a continuous spectrum that did not fit traditional perturbation theory. The 
“cloaking” description arises from the fact that if an object does not scatter light the 
human eye cannot detect it. However, since we are only discussing cloaking at one 
wavelength and the human eye can see a wide range of wavelengths, the object will 
not appear fully invisible.  
 
The field enhancement properties of metallic nanoparticles arising from plasmon 
resonances make them extremely suitable candidates for producing the ideal 
circumstances that result in “cloaking”. When EIT is resultant from the interactions 
between plasmonic metal particles the phenomenon then becomes known as PEIT 
where the leading letter stands for Plasmon.  
 
Only in the last two decades has plasmon cloaking, been able to be realised due to 
technological progression. Focused ion beam lithography (FIB) have only recently 
reached a point where it is possible to fabricate PEIT arrays in a way that they can 
be used in different types of new and existing optical devices. It is an exciting time 
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for plasmonic optical device fabrication as the advent of the current fabrication 
technologies can mean that PEIT can aid in increasing efficiency of existing and 
developing novel and new optical devices [1]. 
 
Plasmonic nanoarrays have many properties that have attracted recent attention, 
notably their field enhancement and light coupling abilities. PEIT often occurs due to 
an interaction between a dipolar plasmon resonance and a quadrupolar plasmon 
resonance [4].  The contribution of the quadrupolar resonance is very weak, resulting 
from each particle acting as its own dipole and it scatters very little light. Due to the 
imperceptibility of the resonant peak at the quadrupolar wavelength, this contribution 
is called a dark mode. Using the electrostatic eigenmode method (EEM) Davis, 
Vernon and Gomez [4] have shown that dark modes can be obtained by using two 
rectangular particles of slightly different length. In the works of Davis, Vernon and 
Gomez [1] they showed that the scattering of the dark mode depends strongly on 
separation distance between the particles. Of particular interest in this thesis is the 
dependence of the scattering on particle thickness. The aim was to determine the 
effect that varying said thickness would have on the resonant wavelength and 
amplitude of the nanoarrays under incident electromagnetic radiation. It was 
hoped that tuning the thickness of a nanoparticle array could finely control the 
resonances of PEIT arrays. 
 
Being able to fabricate arrays in a tuneable and reproducible manner is of particular 
interest as currently there is no formalised standard for the effect different 
characteristics of the geometric design of the array will have. By investigating the 
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effect that the thickness of the nanoparticle array has on PEIT, not only can an easily 
controlled variable be selected but a standard for designing PEIT arrays can be 
begun to be realised. The full understanding of this could lead to highly tuneable and 
large scale arrays that have planar dimensions significantly larger than the longest 
distance a surface or gap plasmon may travel for sensing and disruptive optical 
applications. 
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L i t e r a t u r e  R e v i e w  
The literature review will be split into the following sections: Section 2.1 will deal with 
the origins of EIT and the Davis PEIT design, Section 2.2 will discuss the EEM 
method, Section 2.3 will discuss the full numerical method of finite element modeling 
and Section 2.4 will conclude with PEIT fabrication and testing. 
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Chapter 2.1 Fano Resonances 
 
Electromagnetically induced transparency (EIT) is a quantum effect that causes 
enhanced transmission through a drastic modification of dispersive properties of a 
medium [6] by interference of the fields created around nanoparticles by localized 
surface plasmon resonances. Plasmon EIT (PEIT) enhances electromagnetic 
transmission using the unique geometries of plasmonic nanoarrays [4]. These effects 
are often in the near infrared but tuning into the visible spectrum is also investigated 
by many including here. In the past 10 years, extensive work has been done in 
Plasmon EIT notably by Liu et al [4], [7] and Luk’yanchuk et al [6] who have 
fabricated and experimentally demonstrated PEIT. Davis, Vernon and Gomez [1] and 
Genov et al [3] provide much of the theoretical grounding for this treatment of PEIT 
which is supported by Mayergoyz et al [8] and derived greatly from the original work 
of Fano [5]. 
 
In 1961, Fano [5] showed that a dramatic change in the electromagnetic dispersive 
properties of materials can be achieved through multiple electron configurations of 
molecules which results in the superposition of states. Superposition of states is a 
reference to the findings of Fano that show different configurations exhibit an 
overlapping superposition of the spectra of the reference atoms. Through quantum 
mechanical treatment of the electromagnetic resonance peaks corresponding to a 
configuration interaction, it was shown that the interaction can cause a particular 
state’s resonance to vanish once per energy interval. By this state disappearing, a 
resonance satisfying the conditions in [5] is “distinctly asymmetric” [6] which is 
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resultant of the vanishing resonance destructively interfering with a broader 
continuum (spectral line). An example of such a resonance is shown in Figure 1. 
Fano [5] fitted the results of his findings to the 2s2p1P resonance of He to properly 
understand the interaction up to two excitation levels. This phenomenon has become 
known as a Fano resonance and this theory becomes the basis for the study of EIT 
[4], [6], [9], [10]. Lassettre found in review that his previous work [11] is consistent 
with other data for the inelastic scattering of high energy electrons in He. Fano uses 
the Silverman-Lassettre experimental points which refer to the percentage of energy 
lost in inelastic collisions between electrons and atoms at different incident voltages 
for consistency of the asymmetric resonance to fit it to the He interactions. The 
experiments measured the energy continuum of electrons from inelastic collisions 
with He atoms [11]. 
 
Fano [5] examined the interaction of one or more discrete excitation states of one 
electron configuration with another configuration to alter spectrum intensity and shift 
resonances. This work gave rise to investigations in how these precisely tunable 
shifts can result in overlapping resonances that appear to have dramatic changes in 
the scattering and transmissive properties of one of the interacting particles. Notably, 
it was the work of Davis [1], [12], Luk’yanchuk [6], and Liu [7] that lead to the 
foundation of this thesis. The work of Davis showed that nanorods in sufficient 
proximity will demonstrate the quantum interactions shown by Fano on a larger scale 
of the order of a couple of hundred nanometres. Luk’yanchuk showed using various 
different geometries the Fano resonances occurring in the near-field of interacting 
plasmons and Liu used similar dolmen-like structures to again demonstrate what had 
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become known as Plasmon Electromagnetically Induced Transparency which is a 
demonstration of octopolar Fano resonances. 
 
Figure 1. Theoretical line shapes corrected for finite instrumental resolving power 
and fitted to the Silverman-Lassettre data [5]. Experimental points from Silverman-
Lassettre experiment. g(E) refers approximately to the average electron energy level. 
This graph shows the amount of energy lost by electrons during inelastic collisions 
with He atoms. 
 
Limitations exist on Fano resonances however they have been shown to exist 
commonly in most complex systems under wave propagation [13]. This means that 
any system sufficiently complex to support a plasmon mode will also exhibit a Fano 
resonance. Specifically, most authors investigate systems where the geometric 
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parameters of their nanoarrays exist as less than the wavelength of the incident light 
[1], [3], [6], [7], [12].  
While plasmonics is a quantum phenomenon, it has the advantage of being 
observable and treatable as a classical electromagnetics problem [2]. By solving the 
Maxwell equations for nanoparticles it is possible to describe a Fano resonance as a 
function of plasmons in the visible-infrared spectra [1], [12], [14].  Using well-
designed novel shapes and configurations of nanoparticles, an input planar 
electromagnetic wave can excite the right circumstances to induce this destructive 
Fano resonance by the surface dipole distribution of the nanoparticles [6], [9]. It is 
very common in these early stages of the realization of PEIT or “plasmon cloaking” 
arrays that a nanorod dimer [1], [6], [14] or  a nanorod dimer with an antenna in a 
dolmen structure [4], [9]– this is a similar structure to Stonehenge - were used  but 
many other configurations have been considered[9], [15], [16]. These include many 
combinations of nanorod dimers and trimers, nanospheres in close proximity and 
multiple other geometries with strong symmetry. Figure 2 depicts a simple dimer and 
dolmen structure where the two equal particles will produce a dark mode resonance, 
when the third particle forming the dolmen acts as a waveguide to the incident 
transverse magnetic electromagnetic wave. 
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Figure 2. The typical dolmen structure used in PEIT investigations 
 
 These arrays are known as “cloaks” because their interaction through quantum 
interference causes a dramatic change in the surface charge configuration of the 
array resulting in an increase in electromagnetic transmission and scattering through 
a bulk metal [6]. Of particular interest is the first case of arrays of nanorod dimer 
structures because of the simplicity of both purely numerical and semi-analytical 
treatment of nanorods. The solver configuration for both approaches – outlined in 
Sections 2.2 and 2.3 – requires computer-controlled finely-meshed geometries to 
find solutions to the Maxwell equations. The less complicated the geometry, in 
general, the less mesh and less computational time required. Thus, the nanorod 
dimer configuration is the configuration of interest in this dissertation which is only 
aided by the fact that less complicated geometries also are easier to fabricate. 
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Cloaking has a number of functional applications due to the ability to transmit light 
through a dispersive medium [6]. As the resonance wavelength of a plasmonic 
nanoparticle is related to its electric permittivity relative to the surrounding medium 
[12], sensors can be actualized that have altered transitive wavelength in the 
presence of changing media [17]. Due to the size of the arrays used, especially 
those proposed by most research groups, it is possible that a functionally tuned array 
can be set up for resonant interaction with the possibility of hundreds to thousands of 
sensors on a single SoC (System on a Chip). Other possible applications of cloaking 
include, a heat shield (a cloak tuned to the infrared or like the one used by Leohardt 
[18] which cloaks the dispersion of heat). Some literature concludes that cloaks can 
be used to optimize photovoltaic cells, disruptive optics of large materials and SERS 
substrates including near-field sensors like in a SNOM (Scanning Near-field Optical 
Microscope)  [1], [19]. Optimal photovoltaic cells could possibly be realised by using 
stacked techniques where scattering and transmission of light at different 
wavelengths by individual layers would mean that each layer may have multiple 
opportunities to absorb the desired wavelength. A common dimer configuration is 
shown in Figure 3 below and is the one examined in this thesis. The surface charge 
distribution is shown in the dimer for the case of the dark mode. More detail about 
geometries and validity of the electrostatic eigenmode approximation will be 
discussed further in Chapter 2.2. Single particles cannot exhibit dark modes as they 
require the overlapping resonances nanoparticles with antisymmetric surface 
charges which will also be demonstrated in Chapter 2.2. Each of the citations made 
in this thesis also support this.  
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Figure 3. The surface charge distribution on the 60 nm wide, 60 nm thick and 200 
nm and 180 nm long nanorods for the case of an antisymmetric eigenmode or dark 
mode – red and blue are inverse charges 
 
Dark modes are formed in nanorod dimer arrays through the coupling between the 
two nanorods. When two surface enhanced nanoparticles are in close enough 
proximity, they can “feel” each other and therefore be affected by the surface dipole 
distribution of their partner [1], [12], [20]. It follows that these coupled nano particles 
could cause destructive electromagnetic interference at and around the 
"antisymmetric" mode (Figure 3) similar to simple superposition between waves. This 
turns out to be the case causing no net scattering for fairly discrete wavelengths. 
This resonance is known as a dark mode and will be described semi-analytically in 
Section 2.2. Due to the requirement that the surface charge distribution of at least 
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two antisymmetrically charged particles, single plasmon particles cannot exhibit dark 
modes. 
Chapter 2.2 Electrostatic Eigenmode Approximation 
 
Often when solving problems computationally, the underlying physics of the problem 
at hand can be lost. Semi-analytical techniques require that the user to set up much 
of the computation meaning that there is direct interaction with the basic physics 
behind the problem. Some methods, like the Electrostatic Eigenmode Method (EEM) 
however, require that the user interpret data at two stages of the computational 
process. In this way EEM is more of a computer aided semi-analytical tool than a 
fully autonomous solver. EEM, by solving the Maxwell equations, can aid in the 
design of nanoarrays that exhibit certain properties. EEM is very fast and has a high 
degree of accuracy but does not take into account some secondary retardations 
when solving for the resonances of nanoparticle arrays which will be discussed in 
Chapters 2.2 and 2.3. This differs from purely numerical techniques where there is 
no requirement to understand or even know the context of the problem. When the 
Maxwell equations are solved for scattering from a specifically designed nanoparticle 
array then it is possible to demonstrate a Fano resonance. 
 
As shown by Davis, Vernon and Gomez. and others, the scattering problem in the 
case of the nanoparticle dimers can be treated as essentially electrostatic as the 
wavelength of the incident EM radiation is longer than the physical dimensions of the 
nanoparticles. In the EEM method, Maxwell’s equations are solved for the surface 
charges σ(r) and surface dipoles τ(r) upon the nanoparticles [1], [20].  Let’s call one 
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particle, particle p and say it’s currently sustaining a surface plasmon mode which 
we will call k. The equation linking induced charge at r with all charges distributed 
over particle p with a surface rq is given by the integral: 
𝜎𝑝𝑘(𝒓) =  ϒ𝑝𝑘2𝜋 ∮ 𝜎𝑝𝑘�𝒓𝑞� �𝒓− 𝒓𝑝�∙𝒏��𝒓−𝒓𝑝�3 𝑑𝑆𝑝𝜎𝑝𝑘�𝒓𝑝�                        (1) 
Where 𝒏� is the surface normal at r and:               
ϒ𝑝
𝑘 =  𝜖𝑘𝑝−𝜖𝑏
𝜖𝑘𝑝+𝜖𝑏
                                                                                                             (2) 
where εkp is the particle’s electric permittivity at resonance k and εb is the electric 
permittivity of the surrounding environment.  
For any particle geometry, γp takes on a large number of discrete values 𝛾𝑝𝑘, where k 
is the associated surface charge distribution associated with the kth eigenmode[1], 
[20].  
 
The dipole distribution,  𝜏𝑞𝑘(𝒓)  over a nanoparticle can be arranged with 𝜎𝑝𝑗(𝒓) to form 
a biorthogonal set that obeys the relationship: 
∮𝜎𝑝
𝑗(𝒓) 𝜏𝑞𝑘(𝒓)𝑑𝑆 = 𝛿𝑝𝑞𝛿𝑗𝑘                                                                                           (3) 
; where k and j represent the order of the eigenmode and 𝜏𝑞𝑘(𝒓) is the dipole 
distribution over the particle which is represented by: 
𝜏𝑝𝑘(𝒓) =  ϒ𝑝𝑘2𝜋 ∮ 𝜏pk�𝒓𝑝� �𝒓𝒑 − 𝒓 �∙𝐧𝒑��𝒓−𝒓𝑝�3 𝑑𝑆𝑝        (4) 
; and has the same eigenvalues as 𝜎(𝒓)  [20]. Equations (1) and (4) do not require 
that the surface over which the integrals are taken are continuous which leads to a 
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system of two nanoparticles (the dimer) being treated as a single nanostructure. It is 
possible to then find a way to express the amplitudes of the excitation of the 
ensemble in terms of their amplitudes as solitary nanoparticles [14]. Therefore the 
charge distribution of the ensemble becomes 𝜎�(𝒓) which is a linear combination of 
the eigenmodes of the particles in the ensemble while the surface charge distribution 
on the solitary particle remains as for Equation (1) [14].  
 
The excitation amplitude of each particle is related to how efficiently the particle can 
be excited. It is dependent on the dipole moment (𝒑𝑝𝑘)  over the surface of particle p 
and the incident field (𝑬0(𝜔)) over the surface of particle p with respect to its surface 
unit normal vector and then dotted with a resonance factor that is a function of the 
eigenmode and permittivities of the background and medium 
(𝑓𝑝𝑘(𝜔) =  2𝛾𝑝𝑘𝜀𝑏(𝜀(𝜔)−𝜀𝑏)𝜀𝑏�𝛾𝑝𝑘+1�+𝜀(𝜔)(𝛾𝑝𝑘−1)). The excitation amplitude of a single particle then can 
be written as: 
𝑎𝑝𝑘(𝜔) = 𝑓𝑝𝑘(𝜔)𝒑𝑝𝑘 ∙ 𝑬0(𝜔)                                         (5) 
; where𝑎𝑝𝑘(𝜔) is the excitation amplitude for particle p, with order of eigenmode k at 
field frequency 𝜔 which is the solution to the projection of the dipole moment on the 
electric field vector of the incident light. The same procedure as for the surface 
charge eigenfunction can be applied to the excitation amplitude to give a function 𝑎𝑝𝑘� 
that is the excitation amplitude of a single nanoparticle in the presence of N other 
nanoparticles and determined by the interaction of the electric fields of the N 
nanoparticles [14]: 
𝑎𝑝𝑘� = 𝑓𝑝𝑘 ∮ 𝜏𝑝𝑘�𝒓𝑝�𝒏� ∙ [𝑬0 + ∑ 𝑬𝑚(𝒓𝑝)]𝑑𝑆𝑝𝑁𝑚=1                                            (6) 
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Here, Em(rp) represents the electric field at position r arising from particle m which is 
associated with the surface charges of particle m [14].Where particle m is the other 
particle in the dimer in this case however the summation in Equation 6 allows for 
solution in arrays of more than two particles. 
 
Coupling coefficients indicate the strength of coupling between the two nanoparticles 
and the incident electromagnetic radiation. They are calculated by finding the surface 
integral of the surface dipole modes and for this case they take on two distinct values 
for the symmetric and antisymmetric modes of the surface dipole distribution which 
will be demonstrated [12]. 𝐶1211is the coupling from particle 1 to particle 2 and 𝐶2111is 
the coupling from particle 2 to particle 1 [1], [14] for first order to first order 
eigenmode coupling[14]. It is the strength of the coupling between the two particles 
that controls the plasmon resonance and scattering of the particle system.  It is the 
coupling coefficient and the associated excitation amplitudes that cause drastic 
reductions in the strength of the plasmon resonance scattering peak associated with 
the dark mode [1], [14]. It is important to note that in general, coupling strength 
scales with surface area [21] because surface plasmons affect the electron cloud of 
the surface elements of the material.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      
 
It is given [1] that the coupling of the incident field into each nanorod is 
approximately equal  and that there are small differences in the coupling coefficients 
between the two nanorods (𝐶1211 ≈ 𝐶(1 + 𝛿) and 𝐶2111 ≈ 𝐶(1 − 𝛿)) where δ is taken 
only to the first order [1], [14]. This is because the particles are approximately the 
same size and support similar plasmon modes [1], [12] (the nanorods are 200 nm 
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and 180 nm in length respectively). To properly understand the physics, the case 
where the particles are identical will be investigated with a qualitative explanation for 
the case where there is a slight asymmetry. For the case where each particle is 
identical the excitation amplitudes are equal (𝑎11� = 𝑎21�) and their coupling must satisfy 
the condition: 
1 − 𝐶2 = 0             (7) 
Which is the determinant of the inverse matrix associated with two-particle single-
mode coupling [14]. 
 
The system is at resonance when C=±1 which corresponds to a symmetric coupling 
(C=1) and antisymmetric coupling (C=-1). The solutions to Equation (7), are such 
that a coupling coefficient of 1 that results in strong resonant amplitude would be 
coupled to an identically charge distributed particle and a coupling coefficient of -1 
that results in no net scattering amplitude would be coupled to a particle with 
completely inverted charge distribution [14]. 
 
The excitation amplitudes can be combined and included in what will be Equation 
(9), the scattering cross section to show that for almost identical particles when: 
(𝑎11� + 𝑎21�) ≈ 0            (8)
  
 A dark mode (C=-1) is observed for a lower frequency than when the sum in 
Equation (8) is large (C=1) and associated with the symmetric scattering peak [14]. 
The scattering cross section for the entire ensemble is found by: 
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𝐶𝑠𝑠𝑠 = 𝑘46𝜋 � 𝒑𝐸0�2           (9)
  
; where k is the wavenumber of the incident field, p is the dipole moment of the 
nanorods and E0 is the amplitude of the applied field. As is evident from Equation 
(5), the excitation amplitude and dipole moments are very closely related leading to 
the scattering cross section being inversely dependent on the excitation amplitude. 
 
For further details please see Davis, Vernon and Gomez, Mayergoyz, Davis and 
Woodley et al [1], [12], [14], [20]. 
 
A colleague and author of most of the theory used in the semi-analytical portion of 
these works was kind enough to provide a homemade computational software built 
specifically for solving EEM problems [12], [22]. What follows is a semi-methodical 
account of the software and a link to the analogue of each step in the theory. 
 
Firstly, a Graphical User Interface (GUI) is opened to draw the shapes of interest in a 
2D plane with a specified depth (i.e. thickness). This is done by applying a 2D shape 
to a desired number of layers each one unit thick. At this point, it is important to note 
that the term “unit” is used throughout the document and can be considered as 
nanometres which should not be confused with the arbitrary units of scattering 
strength. It is not denoted as nanometres due to the characteristics of the modelling 
software being used for the EEM computation requiring the unit to be assigned only 
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when the scattering is being calculated (i.e. the final stage). Davis demonstrates that 
EEM successfully solves equations for nanoparticles in close proximity resulting in 
PEIT. This occurs within the vicinity of an edge-to-edge separation of 200 nm or less. 
As can be seen from their investigation [1], a separation of 400 nm yields a bimodal 
spectrum where the relative amplitudes of the two peaks is close to 1. This is in 
contrast to 200 nm edge-to-edge separation where the two amplitudes are not similar 
and a dark mode is present. In this thesis, the geometric parameters of thickness were 
being changed and therefore length and width parameters that were known to work 
were used (i.e. the same as done by Davis).  
 
This allows easy manipulation of the shape to be investigated and has a built-in ability 
to make just about any polygon imaginable. Using nanorods that are rectangular 
prisms is useful because the next step is to tessellate the polygon with respect to its 
geometric properties. There are three options for this tessellation however, using a 
kernel that takes into account the size and shape of the polygon yields the most 
homogeneous distribution of surface element surface areas. 
 
When a shape is meshed, each individual area can be treated as essentially 
homogeneous for each section [1], [23]. This is especially useful for converting a real 
quantum mechanics problem that is being treated in the electromagnetic regime with a 
continuous surface charge distribution to having discrete components that the 
computer can solve for. The number of tessellations are the only factor that increases 
computational resource requirements in a EEM problem for nanoarrays that remain 
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the same dimensions. The dimensions of these nanoparticles are each 60 units thick 
and wide with the left 200 units long and the right 180 units long. The particles are 10 
units apart from each other. 
The Maxwell equations can be solved for the surface charge distributions of the 
array’s components. Each surface charge configuration is analogous to a surface 
dipole configuration [1], [12] and both are then characterized by the eigenmode 
described in Chapter 2.2.1. Scattering cross-sections were found for a number of 
mesh densities and it was shown that the results converged for the tessellation with 
between 700 and 800 surface elements.  For added surety of accuracy however, a 
mesh twice as dense as this was used. For clarification, convergence in the EEM 
models refers to a small (less than 5nm) change in the wavelength of the bright peak 
between n surface elements and 2n surface elements. In reference to COMSOL, 
convergence occupies a more conventional classification as having calculations that 
can arrive at a numerical solution. In a subsequent chapter, it will be discussed that 
only specific solvers were able to find a solution in COMSOL. As has been 
documented [24], even when low levels of accuracy are required, computing 
resonances at vertices always requires extreme resolution which causes many solvers 
to fail to converge. The solver for the COMSOL investigation performed here and the 
one chosen by Helsing, McPhedran and Milton [24] was a direct method that had the 
benefit of solving the resonance problem and being fully automatic in that there was 
no separate eigenvalue analysis involved. 
 
For a mesh with 1568 elements split between the two particles, the system takes only 
four and a half minutes to solve with relatively modest computational equipment. At 
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this mesh, the solution is exceeding the convergence criterion showing that compared 
to a COMSOL finite element model that could take up to eight hours to solve for the 
same nanoarray configuration, accurate results can still be achieved when retardation 
is not taken into account. Retardation causes higher order modes to scatter 
significantly which results in a general redshift and peak widening [22]. Of particular 
interest is that for these purposes, only the a small number of eigenmodes of a higher 
order than the two fundamental modes – both of which have almost nil dipole moment 
magnitude - have a significantly strong dipole moment, this means that while it is 
possible to use all eigenvalues in the computation, it is only necessary to include those 
with significant magnitude which can significantly decrease computational load. 
 
Once all of these steps have been taken, the whole EEM model has been set up to 
show the scattering cross section to give the solutions to Equation 8. The output is in a 
Microsoft text file and includes the scattering cross-section for incident electromagnetic 
polarised radiation along the x-axis (orthogonal to the long axis of the nanoparticles) 
for the EM field around the nanoparticles along any combination of the prime three-
dimensional Cartesian axes. To analyse the PEIT response of the array from this 
output, it is necessary to use the scattering cross-section along the y-axis [1] which is 
orthogonal to the incident radiation and in-plane with the long axis of the particles. For 
reference, Figure 4 graphically indicates the geometry of the nanoparticle array similar 
to the one demonstrated in Figure 3 with the axes labelled. 
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Figure 4. An example of the geometry for a nanoparticle array of geometry the 
maximum examined thickness with axes marked as they are described in this work 
 
Figure 5 below shows an example spectrum using the electrostatic eigenmode 
method. There are two clearly resolved peaks at 581 nm and 816 nm wavelength 
respectively corresponding to the “bright” and “dark” modes. Image included in 
Chapter 3.5 (Figure 15) for experimental illustration. 
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Figure 5. Example of scattering cross section for 200 unit and 180 unit length array 
with 60 unit thickness and 10 unit edge to edge separation displaying peak that is 
characteristic of a dark mode between 800nm and 850nm wavelength 
 
EEM can be applied to rigorously solve a vast multitude of different electrostatic 
problems [22]. As discussed, the electrostatic approximation requires small 
dimensions in which the geometry of the nanoparticle is less than the wavelength of 
the incident EM wave to be accurate [12]. Davis, Vernon and Gomez [12], [22] have 
investigated the near-field enhancement properties of numerous nanoparticle 
configurations. They have progressively formalised the electrostatic eigenmode 
method concluding with the 2011 chapter by Davis [12]. They provide the framework 
for two-particle coupling and describe electromagnetic scattering in terms of the 
magnitude of the strength of coupling. 
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Chapter 2.3 COMSOL Multiphysics Model 
 
Prior to the use of EEM [20], Isaak Mayergoyz proposed the use of a novel semi-
analtyical technique for solving the plasmon resonances of nanoparticles [8] which 
paved the way for treatment using EEM. There are a number of useful boundary 
element and numerical analysis methods that can be used for a rigorous computation 
– finite difference time domain is one however COMSOL multiphysics radio frequency 
module was used for the simple arrays used here. Analytical techniques are extremely 
useful as they can be calculated relatively quickly in relatively weaker computational 
environment. The main advantage of using the EEM is that it can provide fast and 
reliable results for quite high mesh-frame densities under conditions that retardation 
plays only a minor role [1], [12], [22] and secondarily, it proves to be a useful way to 
gain understanding of the underlying physics of interacting plasmonic particles [22]. 
For exploration into the actualization of effectively infinite arrays however, a numerical 
solution with an even higher degree of accuracy was required. These, however require 
more computational resources or a longer time frame. EEM was a very effective tool at 
formulating scenarios to investigate using the more resource-intensive COMSOL 
Multiphysics. 
 
There are a number of solvers that are commonly used for the nanoparticle 
environment as highlighted by Davis, Vernon and Gomez [22] and considered trivially 
accepted for their superior rigour and accuracy in many cases by the scientific 
community. Originally two methods were considered with the successful candidate 
being chosen due to its out-of-the-box capabilities while the other, Finite Difference 
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Time Domain requiring the simulation to be written manually in MATLAB, needing to 
be purchased or using software written by another party. While this would be useful, 
the main advantage of writing a new finite difference time domain script in MATLAB or 
other such software platform would be to improve proficiency in such software 
platforms or to add new functionalities not present in commercially available software. 
Since this was not necessary, COMSOL was used. The COMSOL Multiphysics suite 
of computational tools is a finite element modelling package used for science and 
engineering, and there is a large user base at QUT. 
 
COMSOL is a finite element modeling software. It solves Maxwell’s equations by 
emulating far field scattering boundaries by using Stratton-Chu spheres [25]. Like in 
the electrostatic eigenmode approximation, the entire model – both array and three 
spheres with perfectly matched layers – are meshed and COMSOL’s RF (Radio 
Frequency) Module is used to apply a transverse magnetic electromagnetic wave to 
the array along the axis of interparticle coupling which in this case was the x-axis. All 
the parameters were fully defined as was required [26] and the Maxwell equations 
were applied in-situ by COMSOL. 
 
COMSOL Multiphysics ships with a host of solvers and computational methodology 
that can be employed to provide the highest robustness in results acquired. In this 
case we used the radio frequency module of COMSOL Multiphysics 4.3 and a direct 
solver called MUMPS (MUltifrontal Massivlely Parallel sparse direct Solver) [27]. 
COMSOL gives suggestions as to which solver configuration to use depending on the 
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input [28], [29]. Originally an iterative solver was suggested but could not converge the 
result due to the rise of resonant bands rather than discrete resonances at the vertices 
[24] so the direct option was chosen because its computationally strenuous 
requirements could be met. There was not enough known in depth about the methods 
of the iterative solver used by COMSOL so it is difficult to explain why it did not 
converge beyond that Hohenester [30], [31] showed using boundary element methods 
that at sharp vertices, all methods are required to perform some amount of rounding. 
When combined with Helsing, McPhedran and Milton [24], it follows that the density of 
surface elements at the vertices results in a low requirement for rounding at the 
necessarily computationally-smoothed boundaries of the nanoparticles. One 
hypothesis would be that the initial terms yielded computationally undefined results 
which could not be discarded. 
 
In general, all solvers arrive with the same answer or a close approximation to the 
same for all finite element problems so long as they are set up correctly. Often, due to 
the configuration adaptations that COMSOL goes through when selecting how to 
approach a solution, some ill-conditioned problems can also be solved for [28]. As 
mentioned previously, COMSOL suggested an iterative solver however when finding a 
solution, the program had convergence issues due to the minute nature of the array at 
hand. Iterative solvers have the advantage of not requiring much processing power or 
RAM on the machine being used similarly to EEM but sometimes cannot adapt well to 
the physics behind the task [29], [32]. One method for making an iterative solver find a 
solution is to allow the convergence tolerance to be greater than its default setting [28] 
but because we already had access to a semi-analytical and significantly robust 
 35 
technique with a built-in error, it was necessary to fulfill the task to go with the most 
robust solution. 
 
Direct solvers are, by their nature the most computationally aggressive which also lead 
to the most robust solution as they solve the problem directly and not iteratively [29]. 
COMSOL will choose an iterative solver by default when its internal algorithms 
suggest that the solution can be found by using minimal RAM [32] but as in this case 
neither time nor power were lacking and the most robust answer was sought, the 
direct method was the only choice. COMSOL Multiphysics ships with three main direct 
solvers in the Radio Frequency (RF) package; MUMPS, PARDISO and SPOOLES. 
Previously stated, it was MUMPS that was chosen. Of the three, PARDISO is the 
fastest and SPOOLES the slowest partly due to the fact that MUMPS and PARDISO 
can store memory out-of-core [27] which essentially means in the RAM and VRAM 
(Virtual RAM on a hard drive which for us was in a solid-state format) causing a 
buffered cache of memory so the hard drive does not need to spool each time new 
information is required. Possibly the biggest draw-card for MUMPS of the three solvers 
is that it allows cluster computing. This means that, if needed, some or most of the 
processing power could have been offloaded onto the local High-Powered Computing 
(HPC) platform at QUT. As it turned out, this was not needed and PARDISO would 
have been just as acceptable a choice as all computation was done on a single quad-
core machine with 8GB of RAM. 
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COMSOL multiphysics has been used previously to model transparent arrays [33]–
[37] however many have been shown only on a two-dimensional array and those done 
in three dimensions are comparatively large compared to the arrays studied here. 
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Chapter 2.4 Fabrication Methodology 
 
Fabrication of nanoparticles is the biggest challenge facing the realisation of PEIT 
arrays [3], [4], [7]. The issue arises from the imperfections inherent in modern milling 
techniques and the self-assembly of dielectric media using swift thin film deposition 
techniques [38]. As has been demonstrated [1], [3], [7] both experimentally and 
analytically, for effective antisymmetric (cloaking) resonance, the sharper the edges 
of the particles the better. Necessarily, the edge sharpness of the nanoparticles 
relies somewhat on the resolution of the lithographical device being used. Focused 
Ion Beam (FIB) lithography relies on ballistic displacement by charged ions of the 
target’s surface atoms [39] sweeping out the desired shape through a desired 
number of passes at a desired beam power to “cut” the designated pattern. It is also 
possible to “grow” gold films using self-assembly by combination of commercially 
available compounds in vitro onto smooth substrates to create comparatively smooth 
surfaces although this process cannot produce large surface areas quickly and 
therefore cost becomes a tertiary issue. Others have been able to create extremely 
low surface roughness gold films of the order of 0.2nm [40] by using annealing 
techniques on 20nm thick gold films on a mica substrate. Self-assembly can also be 
employed to deposit gold nanoparticles onto substrates which could also be useful in 
creating arrays with high resolution [41]. FIB is often used in the nanotechnology for 
prototyping and troubleshooting [42] architectures which can then be mass produced 
using die shrinking and imprinting techniques which are most commonly known as 
the techniques for microprocessor manufacture.  
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Figure 6. Schematic diagram of a typical FIB, image taken from LI (2006) [42] 
 
In most FIB microscopes – a sample of which is shown in Figure 6 - the ion used in 
the milling process is positively charged gallium, however Helium Ion beam 
Microscope (HIM) lithography has been more readily available to university and 
enterprise consumers in recent years. From now on FIB will be used for all focused 
ion lithography with the two distinguished as HIM and Gallium FIB. HIM is the logical 
next step in the evolution of nanolithography as it allows for greater resolutions by 
using the comparatively minute helium atom as opposed to gallium. There is an 
energy threshold for the bombardment to have sufficient energy to cause atomic 
displacement in FIB [42] (otherwise ions are scattered and it is possible to image 
using the microscope) and as such the larger the mass of the ion used, the greater 
effect its collision will have on adjacent atoms. This causes the drawback of a less 
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sharp edge at nanoscopic resolutions. By using HIM the advantage is gained in 
creating sharp edges in the nanoparticles but not necessarily in the size of such. 
 
At the resolution scale necessary here, there is a high chance of creating an array 
that does not meet the requirements for PEIT in the spectrum desired which means 
that producing a large array would result in a low yield because the resolution of 
current FIB equipment does not allow for the edge sharpness desired. This is 
especially true for such a complicated process as nanoparticle fabrication. Luckily, 
nanoparticles of a metal have an electromagnetic analogue that is a void in a film of 
that metal with the voids having the same dimensions as the nanoparticles. This 
phenomenon is known as Babinet’s Principle [7], [43]. Liu has used this principle to 
mill a large array of PEIT nanoparticles and found that the principle experimentally 
holds in this regime [7]. Since FIB is a serial subtraction technique which displaces 
atoms of the target film, it is not ideal for arrays with a low metal fraction and hence 
the “negative” using Babinet’s Principle was concluded upon. Figure 7 shows the 
arrays that were fabricated by Liu. Using these inverse arrays has the added benefit 
of removing a number of experimental steps when fabricating the arrays which in 
turn significantly reduces the number of steps during which errors can occur. 
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Figure 7. (a) Schematic Liu’s planar metamaterial design and the incident light 
polarisation configuration. (b) Oblique view of the fabricated sample by Liu with 
lateral displacement. Picture taken from Liu (2010) [7] 
 
Liu used a fabrication technique similar to the one proposed and attempted in this 
thesis based upon Babinet’s principle [43], [44] however by creating the nanoparticle 
asymmetry using a third nanoparticle in between the main two-particle structure. Liu’s 
work is the first noted use of Babinet’s principle in a PEIT application and presents a 
simple technique for the use of such devices in sensing applications. Babinet’s 
principle is that there will be a similar amplitude and resonance wavelength of 
scattering cross section between a nanoarray and its complimentary structure – where 
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all points in the plane of the nanoparticle is swapped for the material that the particle is 
fabricated from and visa versa [44]. It has been demonstrated that there is a stronger 
correlation between wavelength and amplitude for complimentary arrays although a 
spectral shift is present [43], [44]. In structures that employ Babinet’s principle, the 
transmittance and reflectance of the structure is interchanged when the nanoparticle is 
interchanged for its material compliment [44] which means that modelling of and 
experiment with either a nano particle array or its “negative” should yield results in 
good agreement [7], [44]. 
 
This is due to the cavity created in place of the nanoparticles acting as a container 
substrate for the substance being tested. This can facilitate detecting changes in the 
refractive index of a sample and in this case in particular, the resolution of the arrays 
(Figure 7) in theory and practice was such that very small differences in the refractive 
index resulted in a large shift in the resonance of the array. These changes can be 
attributed to the presence of different materials in close proximity to the nanoarray. 
Sherry et al [45] use a figure of merit based upon the wavelength change per change 
in refractive index unit and resonance peak resolution and the array in Figure 7 was 
shown to demonstrate a significantly higher figure of merit 3.8 as opposed to the best 
achieved by Sherry et al of 3.2 and in the presence of changes in differing refractive 
indices would change peak resonance by 588nm per unit. The nanoparticles used by 
Sherry et al were triangular nanoprisms ranging in perpendicular height from 83nm to 
170nm. 
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The future implications of having the type of reproducible technology used to cloak 
could impact heavily on the future of nanotechnology. Difficulties arise when guiding 
light into a “perfect cloaker” which means a nanoarray satisfying Equation (7) 
completely. This is the reason why an array with one of the particles slightly longer 
than the other which facilitates interaction with the incident beam [1] as mentioned 
above but yields a dark mode with net resonance greater than zero in amplitude (See 
Results). Obviously, it would be best if the array can be designed to not scatter at the 
dark mode wavelength and there are multiple techniques being considered for a future 
solution. Firstly there is the technique being investigated simultaneously to the design 
of the arrays in this thesis. It is possible to stimulate a quantum dot into emitting a 
photon into the nanoparticle array using tuned lasers [46] and could possibly be used 
to design an array with perfect symmetry which would then be able to satisfy Equation 
(7) exactly. There is another option that could possibly be more easily realised as the 
techniques used to fabricate the antenna are the same as for fabricating the array 
itself. Verhagen[47] has designed a waveguide using a 2D triangle and grating pattern 
to guide a plasmon to an extremely focused tip causing great field enhancement 
which, in the presence of a PEIT array, guide the plasmon into the array. Either of 
these techniques are being considered as future investigations. 
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R e s u l t s  
The results will be split into five sections. Firstly 3.1 will deal with replicating a similar 
experiment to the one conducted by Davis [1][12] which will be followed by 3.2 dealing 
with EEM results for changing nanoparticle thickness. Chapter 3.3 will demonstrate 
the objective geometries investigated using the direct solver in COMSOL with a 
summary of the result in Chapter 3.4. Chapter 3.5 describes preliminary experimental 
work. 
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Chapter 3.1 Davis Results Replication 
 
To explore the effect of thickness on the PEIT array properties, the original PEIT 
array of Davis was first simulated [32] and then the thickness varied. Using the 
methods described in Chapter 2.2 a gold nanoparticle array of dimensions with initial 
thickness of 60nm (independent variable), 60nm wide and 200nm and 180nm in 
length respectively in a medium of a vacuum was modelled. The resultant scattering 
cross-sections are similar in shape to those observed in the literature [1] as shown in 
Figure 8. All simulations were done using gold as the nanoparticle material with a 
vacuum background. For comparisons sake, the background medium in the 
replication of data (Figure 9) from the literature was set to have an electric 
permittivity of 2.2. A vacuum was chosen for the background medium in the major 
investigation (altering nanoparticle thickness) as background medium affects the 
plasmon resonance, as does the material parameters [24], [48], [49] with the 
greatest contributing factor being electric permittivity and magnetic susceptibility. The 
separation distances were varied from 60 nm to 240 nm which showed that the 
behaviour of the dark mode for separations between 100nm and 200nm was not 
visible, see Figure 8.  
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Figure 8. Scattering cross-sections found by Davis, Vernon and Gomez [1] for 
nanoparticle dimensions of 60 nm wide, 10 nm thick and 200 nm and 180 nm long 
respectively and a 20 nm to 400 nm separation distance using EEM. Picture taken 
from Davis, Vernon and Gomez, 2009 [1] 
 
The symmetric scattering peaks move in an increasing wavelength pattern for 
progressively distant separations. Conversely, the antisymmetric peaks are those 
that undergo a progressive blueshift. What this means. The dark mode is always the 
peak with longest wavelength in this investigation and in the work of Davis, Vernon 
and Gomez [1], [12]. Spectra and spectral shifts will be explained in more detail 
across Chapters 3.2, 3.3 and 3.4. Note that the investigations demonstrated in 
Figure 8 and Figure 9 are of the same variable and not a rehash of the same 
experiment exactly. While Figure 9 shows the scattering spectra for the thinnest 
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nanoparticles (60 nm) used in the thickness investigation, the nanoparticles of Davis, 
Vernon and Gomez, for which scattering is demonstrated in Figure 8, the 
nanoparticles are significantly thinner. The significant difference in thickness informs 
the major investigation into nanoparticle thickness undertaken. From a visual 
evaluation of both Figure 8 and Figure 9, similarities in trends can be identified. 
Qualitatively, as the nanoparticles move closer together, the dark mode resonance 
amplitude diminishes which is desired. It was necessary to choose an interparticle 
distance as informed by the work of Davis, Vernon and Gomez [1]. Eventually, a 
separation of only 10nm was chosen for the major investigation because of the EEM 
interaction and the findings of Chapter 3.1 and the nanoparticle investigation that the 
work is derived from [1], [12]. The dark mode was visible in the results but with very 
small amplitude for this separation. Put another way, the 10 nm case was chosen as 
it most strongly resembles the ideal case where the dark mode will have almost no 
scattering amplitude. 
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Figure 9. EEM scattering cross-section for multiple nanoparticle separations using 
nanoparticles 200 unit and 180 unit length with 60 unit thickness, the unit of the legend is 
edge-to-edge a.u. separation 
 
Figure 9 demonstrates exactly the same trend as exhibited in Figure 8. Using a 
nanoparticle array that has a thickness of 60 nm for a replication of the Davis trial 
means that there is a “proof of phenomena” from which to work. A different cross 
section was chosen as it was already well established that nanoparticles of small 
thickness resulted in PEIT [1], [9]. This sets the parameters for the investigation of 
the effect of nanoparticle thickness. In fact, for a separation distance of 60 nm the 
resonant peak associated with the antisymmetric dark mode is still significant in its 
relative strength to the bright mode which contributed to the decision to choose a 
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interparticle distance of 10 nm. As discussed in Chapter 2.3, often the solver 
configuration has to be altered to converge a solution to the problem and the lower 
the interparticle distance was the less taxing it was on the computer to solve as the 
Stratton-Chu spheres could be lowered in size. Consequently they were only slightly 
larger than the largest array therefore lowering the geometric magnitude of the 
model. Practically, this phenomenon has been demonstrated by Nie et al [50] in 
which a conglomerate of nanorods were shown to very closely fit theory that also 
predicted the shift observed by Davis, Vernon and Gomez [1]. 
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Chapter 3.2 EEM Results 
 
The nanoparticle array was set up as follows and as depicted in Figure 10 and 
Figure 11 using the proprietary in-house EEM software to solve the surface charge 
eigenmodes of the particles. Firstly the particles were drawn with equal widths of 60 
nm and depths also of 60 nm. Both particles, as can be seen below were aligned 
along their bottom smallest faces and situated 10 nm apart. The 60 nm thickness 
would then be increased by 30 nm in each trial following the methods of Chapter 2.2. 
Figure 10 and Figure 11 represent not only the array configuration but the first 
eigenmodes of the 60 nm thick configuration where opposite surface charges are 
represented by red and blue respectively and a spectrum between the two. An 
incident electromagnetic wave would result in a small net scattering amplitude and 
be indicative of a dark mode for Figure 10. The EEM software uses most of its 
computational time to solve the surface charge eigenmodes and then can very 
quickly give scattering cross-sections for inbound transverse magnetic and 
transverse electric waves along each of the major axes in each direction. When 
calculating the scattering cross sections, the transverse magnetic electromagnetic 
wave incident orthogonal to the long axis of the nanoparticles. 
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Figure 10. The surface charge distribution on the nanorods for the case of the 
antisymmetric eigenmode or dark mode – red and blue are inverse charges 
 
An incident electromagnetic wave would result in a large net scattering 
amplitude and be indicative of a bright mode for Figure 11. Both phenomena 
are demonstrated in Figure 12 where the case of a scattering peak from a 
surface charge configuration like that of Figure 10 is represented by the peaks 
smaller in amplitudes gathered around 780 nm and that of Figure 11 by the 
peaks with larger amplitudes gathered around 550 nm. 
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Figure 11. The surface charge distribution on the nanorods for the case of the 
symmetric eigenmode which gives a large scattering peak – red and blue are 
inverse charges. The pictured surface charge distribution shows an imperfect 
symmetric distribution. Sometimes the strongest eigenvalue which gives rise to 
the bright scattering peak gives a multipolar (in this case quadrupolar) surface 
charge distribution. 
 
Figure 12 shows the scattering amplitudes of the nanoparticles in the presence of an 
incident electromagnetic field of a broad spectrum. There is an increase in scattering 
amplitude for increasingly thick nanoparticles. This makes sense in that a larger 
surface area will couple in such a way as to approximate conditions that satisfy 
Equation 7. This is due to the increase in surface area of each nanoparticle hence 
increasing the cross-sectional area between the two nanoparticles, which in turn 
would increase the magnitude of the surface charge asymmetry. 
 52 
 
Figure 12. Csca versus wavelength for a separation of 10units modeled using 
EEM showing a blueshifting of resonances and also increase in scattering 
amplitude – the unit of the legend is units thick 
 
The resonant bright modes pictured in Figure 12 have wavelengths of 738 nm, 691 
nm and 658 nm respectively for the nanoarrays that are 60 units, 90 units and 120 
units thick when taken from the global peak amplitude. The dark modes resonate at 
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849 nm, 798 nm and 761 nm at local maximum amplitude. This shows that the bright 
modes are blueshifting at a lower rate than the dark modes which will be quantified 
in Chapter 3.4. The dark mode strength ratio to their respective bright modes are; for 
60 nm thick: 0.031, for 90 nm thick: 0.027 and for 120 nm thick: 0.032. Due to their 
similarity, these approximations of the ratio of the dark mode strength could be 
discounted as within the margins of error however the phenomenon repeats for the 
COMSOL data which were gathered under different circumstances. This trend 
seems incongruous with the expected trend that the ratio of amplitude between 
bright and dark modes be constant. What was found was that the rate at which the 
amplitude of the dark mode increases is not linearly related to the rate at which the 
amplitude of the bright mode increases. This, along with the anomalous behaviour of 
the 120 nm thick array would be of interest in the functionalization of PEIT arrays. 
 
In general, nanoparticles of increasing volume will exhibit a redshifting resonance 
which, for example is demonstrated by Ha et al [51], [52] in which Au nanoparticles 
were grown using a chemical process that attaches “nanolumps” to the surface of Au 
nanoparticles. For this case, a blueshift has been observed and this has to be 
explained by other means. Examining Figure 8 and Figure 9 demonstrates a fairly 
linear relationship between particle volume and resonance amplitude however this is 
not the case for the blueshift in the peaks. While it is well documented that increases 
in particle size results in a redshift [51], [52] some have found that there are a 
number of situations where a blueshift is observed, some in a strikingly similar 
manner to here. Rechberger et al [53] also observe a blueshift for particles coupled 
orthogonally to the polarisation of the incident field however, the incident field applied 
throughout theoretical modelling in this chapter was parallel to the interparticle axis 
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(i.e. orthogonal to the long axis of the particles) and potentially can be attributed to 
higher order interactions caused by the more complex surface charge eigenmodes of 
the larger (thicker) particles or some other phenomenon [54].  
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Chapter 3.3 COMSOL Results 
 
When the nanoparticle array was set up in COMSOL Multiphysics, the same incident 
field was applied to the array and resulted in very similar scattering spectra to those 
found using EEM. The differences between COMSOL and EEM results are 
attributable to retardation and required computational resources. EEM also requires 
that there is some analysis and treatment of the eigenvalues where COMSOL uses a 
fully autonomous solver to give resonance spectra. Retardation, also known as re-
radiation [22] causes an overall redshifting of peaks and also causes broadening of 
such peaks due to higher order plasmon interactions.  
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Figure 13. Csca versus wavelength for a separation of 10 nm modelled using 
COMSOL Multiphysics showing a blueshifting of resonances, an increase of 
scattering amplitude for the dark mode but no discernable trend for the 
symmetric mode – the unit of the legend is nm thick. 
 
Figure 13 shows the scattering peaks for the same nanoparticle arrays as in Figure 
12. The same trends are present as for the results using the EEM regime. The 
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resonant bright modes pictured in Figure 13 have wavelengths of 758 nm, 743 nm 
and 734 nm respectively for the nanoarrays that are 60 nm, 90 nm and 120 nm thick.  
The dark modes resonate at 1069 nm, 1058 nm and 1056 nm respectively. This 
shows that the bright modes are blueshifting at a lower rate than the dark modes for 
COMSOL which is the same trend – to almost exact amount of spectral gap between 
bright and dark modes encountered in the EEM results. The dark mode strength ratio 
to their respective bright mode amplitudes are; for 60 nm thick: 0.222, for 90 nm 
thick: 0.324 and for 120 nm thick: 0.441. This is a significant change in the relative 
amplitudes in comparison to the resonant amplitudes found using EEM and causes 
the antisymmetric modes for COMSOL computations to be characterised as a “dim 
mode”. While the dim modes have significant relative amplitudes when compared to 
the symmetric mode, especially in the case of the 120 nm thick array, they still are 
characteristic of an antisymmetric mode and appear where the antisymmetric mode 
should exist. This can be attributed to the magnitude of the electric field of a larger 
particle causing a less significant overlap between the real and imaginary 
components of the electric fields of the particles for larger particle volumes. 
 
Similar the amplitudes of the dark modes observed using EEM, the COMSOL dark 
modes increase in amplitude as the array becomes thicker. Not only is this 
phenomenon consistent, from inspection of Table 2 in Chapter 3.4, the blueshift of 
the dark modes is not equal for either form of computation. In fact, for each; the 
blueshift of the dark mode from thickness to thickness is 9 nm less from 90 unit to 
120 unit thick than 60 unit to 90 unit thick for both. 
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From visual inspection of Figure 13, it is easily observable that the amplitude of the 
bright symmetric mode for the nanoarray of 120 units thick is less than for each of 
the other two arrays. This is of interest as it could lead to the investigation of an 
“optimal thickness” for three dimensional PEIT structures. If the amplitude for the 90 
unit thick array is set to be 100% as it is the strongest then the amplitude of the 
bright mode for the 60 unit thick array is 98.8% and the 120 unit thick array has a 
bright mode strength of 97.7% which means that it is relatively unchanged for both. 
This seems in good agreement with the findings of Miller et al [55] that suggest there 
is a fundamental limit to the optical response of plasmonic absorptive metal systems. 
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Chapter 3.4 Comparison of the efficacy of EEM and COMSOL methods in this 
thesis 
 
As is evident from the two graphs, the finite element model resonates at a much 
higher wavelength than the EEM model - about 350nm redshifted. Notwithstanding 
the peak broadening in the finite element model (also due to secondary retardation 
effects), this redshift takes the resonances of the particle system into the near 
infrared region while the EEM model still has its major resonant mode in the visible. 
It seems that this is a large shift however the EEM approximation is just that (an 
approximation) and has been used only to understand the physics, confirm that the 
array would exhibit the expected effect and allow for fewer computations using 
COMSOL. 
 
Figure 14 shows a graphical representation from COMSOL Multiphysics of the 
magnitude of the electric field around the nanoparticle array under an incident 
electromagnetic field orthogonal to the interparticle coupling direction at a 
wavelength close to 1100nm. It is an easily visualised representation of the net field 
around the arrays produced by antisymmetric coupling of imperfectly matched 
particles in array. 
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Figure 14. The electric field surrounding the nanoparticles under input 
electromagnetic radiation in COMSOL. The depicted field is of a dark mode at 60nm 
interparticle separation. Note that the shorter, right-hand side particle has a 
significantly smaller field amplitude surrounding it 
 
As the relative advantages of each of the computational techniques has been 
discussed at length it is only fair to compare the results from each and attempt to 
draw conclusions on the effectiveness and effective realm of the EEM 
approximation. Table 1 quantifies the redshift from the EEM model to the respective 
peak in the COMSOL model for each of the six major peaks shown. Δλ is defined as 
the difference in the peak wavelengths of the spectra between the EEM and 
COMSOL results. 
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Unit Thickness (a.u.) Δλ Bright Mode (nm) Δλ Dark Mode (nm) 
60 340 336 
90 341 358 
120 339 370 
Table 1. Showing the redshift in each peak from EEM to the COMSOL model for the 
three sequential thicknesses 
 
Upon visual inspection of Figure 12 and Figure 13 it can be seen that as nanoparticle 
thickness is increased, there is a definite blueshift in resonances confirming some 
previous findings [14]. What may not be entirely obvious, is that the blueshifting at 
greater thickness is actually less than the blueshifting from lesser thickness. Table 2 
shows the spectral shift of each resonant mode. The units are positive for a redshift 
– an increase in wavelength – and negative for a blueshift. In Table 2 Δλ is the 
change in peak wavelength between the bright and dark modes for each of the 
computational techniques separately. Although the spectral shift between the two is 
significant, it was understood that EEM is less accurate than COMSOL due to it not 
taking secondary retardation effects such as reradiation and therefore the results of 
Table 1 represent the increased accuracy of COMSOL. It is believed that the 
efficiency of the quicker computation in EEM is well worth the lower accuracy so long 
as the techniques are used in concert as was done here. 
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Unit 
Thickness 
(nm) 
COMSOL Δλ 
Bright Mode 
(nm) 
EEM Δλ 
Bright Mode 
(nm) 
COMSOL Δλ 
Dark Mode 
(nm) 
EEM Δλ Dark 
Mode (nm) 
60 → 90 -15 -19 -11 -26 
90 → 120 -9 -10 -2 -17 
Table 2. Showing the blueshift in each peak of EEM and the COMSOL model 
between the three sequential thicknesses for each of the two peaks on the scattering 
cross-section 
 
Table 2 demonstrates a relative change of bright modes from 60 nm thick to 90 nm 
thick between EEM and COMSOL of 4 nm. It also demonstrates a relative change in 
the same thickness interval for the dark mode of 15 nm. As the thickness increases 
further, the relative change seems to diminish showing a relative difference between 
the two solvers from 90 nm to 120 nm of 1 nm for the bright mode and 5 nm for the 
dark mode. This confirms that the array that was designed and subsequently had 
prototype fabrication would indeed exhibit dark mode resonance. This would aid in 
designing novel architectures but in fact does not show the resonance wavelength 
for which COMSOL or another rigorous solver would still be required. EEM could be 
considered a “best estimate” in designing plasmonic nanoarchitectures. A primary 
advantage of being able to quickly design arrays that will produce a dark mode under 
incident electromagnetic radiation is that thickness is an easily controlled variable 
through deposition techniques and the use of FIB or HIM. The main future goal of the 
research into nanoparticle thickness’ effect on PEIT arrays is that in future, infinite 
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arrays of cloaked nanoparticles or finely tuned cloaked arrays can be useful in 
sensing, thermal shielding, optical processing and designing novel plasmonic 
devices. 
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Chapter 3.5 Fabrication and Plasmon Focusing 
 
Building on the primary result of the effect changing the thickness of nanoparticles 
has on the resonance of a PEIT array, trial fabrications were undertaken to 
determine if FIB was an effective tool for producing arrays with a high edge 
resolution. FIB can be used to fabricate arrays with the desired characteristics 
however, the precision involved in fabricating a single array is not commensurate 
with mass production of arrays for functionalised systems or infinite arrays [39]. 
Figure 15 is an image of a similar array that was fabricated using FIB, thermal 
deposition of Au and Babinet’s Principle. Other potential fabrication techniques 
include the relatively newer but functionally similar Helium Ion Microscope as well as 
photolithography, nano-imprint lithography and scanning probe lithography.  
 
As a trial fabrication, the EMITECH thermal evaporator was used to deposit the 
desired thickness film of Au using the calibration curve that had previously been 
found (see Appendix 1) which for the first case was 120nm onto a glass substrate. 
Next, dimers were milled into the Au using focused ion beam lithography. Both had 
width of 60nm and lengths of 200nm and 180nm respectively. The interparticle 
spacing had to be set at 60nm due to the resolution of the FIB microscope not being 
of such a level to achieve two separate particles. The resulting arrays can be seen in 
Figure 15. 
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Figure 15. Left: Ion beam image of structures at twice the desired size on 60 nm 
thick Au. Right: Electron beam image of the structures at the desired size with an 
enlarged image of one of the structures 
 
It can be clearly seen in Figure 15 that edge resolution is an issue for nanoparticle 
fabrication. Especially in the inset image, limitations in the crystal structure of 
thermally deposited gold at 60 nm can be seen by examination of the inconsistencies 
in the surrounding gold film. 
 
Another interesting device for PEIT arrays would be a nanoscale light source for 
exciting the PEIT array. This would mean that a pair of identical particles could form 
a true dark mode as they would not require an architectural asymmetry to allow 
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interaction with the incident beam. Verhagen [47] fabricated a structure that could 
focus a plasmon to a defined point. This was considered and prototyped as an option 
for guiding light into the designed array. Using this kind of structure would offset the 
requirement for one of the particles to be larger than the other and could result in a 
“perfect” cloaker that could satisfy the negative case for Equation 7 which would 
result in no net scattering at the dark mode wavelength. Figure 16 shows the 
prototype as it was originally fabricated. At this scale, edge resolution does not play 
as large a part as for the PEIT arrays but the figure does show imperfections in the 
surface of the gold film more clearly than for the much smaller PEIT array. The 
triangular nanoparticle was fabricated by uploading an image file into the control 
computer for the SEM/FIB head of the Quanta microscope that was then overlaid 
onto the imaged surface of a glass slide covered in PMMA. The shape was then 
etched into the surface of the PMMA down to the glass and a gold film was 
deposited through thermal evaporation onto the slide. The lift-off process that was 
used to then leave the nanoparticle in place could possibly be responsible for the 
unruly edges of the nanoparticle. This could be ameliorated by carefully engineering 
a resist profile. While using more precise techniques would work, it has already been 
discussed that increasing experimental steps would inherently introduce stages 
where errors could be produced. This result somewhat contributed to the decision to 
use Babinet’s principle for the fabrication of the smaller PEIT arrays. 
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Figure 16. Triangle prototype with base of 10 microns and perpendicular height of 12 
microns that could be used to guide a plasmon into a PEIT array 
 
This work leaves some loose threads or more optimistically, building blocks for 
further investigation into simple and simply fabricated cloaking arrays. It would be 
ideal to combine the structures in Figure 15 and Figure 16 so the geometric 
asymmetry of the PEIT dimer could be reduced and a “perfect” dark mode could be 
produced. 
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C o n c l u s i o n s  
Chapter 4.0 Conclusions 
 
It has been shown here that the effect that the thickness of a PEIT array’s 
nanoparticles directly correlates with the scattering cross section amplitude and the 
resonant wavelengths. For each symmetric mode there has been observed strong 
coupling between the nanoparticles that in each case has resulted in a strong 
scattering peak on the left hand (blue-most) side of each scattering cross section. 
Every nanoparticle configuration exhibited a dark mode resonance further towards 
the infrared end of the spectrum. While it has been confirmed previously that this 
nanoparticle system produces a dark mode when 60 nm thick, there was no 
evidence to suggest that a thicker array will not result in PEIT, which helped form the 
idea for this investigation. This leads to some interesting conclusions about how the 
information can be tuned.  
 
Thicker arrays result in a blueshift so it would be possible to use extremely thick 
arrays to cloak in the visible spectrum. While the spectral shift between thicknesses 
could possibly be used for tuning of resonant wavelengths, the amplitude of the dark 
mode in relation to the bright mode increases for thicker nanoparticles. This means 
that the scattering of the dark mode would become significant enough that for some 
applications the positive effects would be negated. In light of these findings, using 
nanoparticle thickness to tune over a large spectrum cannot be recommended 
without further investigations into other geometries. If some other geometric 
configurations are used to approximate the region in which the desired resonance 
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occurs then using precision deposition of the nanoparticle material can be employed 
for precise tuning which could be advantageous in the production of optical nano-
sensing devices. Precise tuning of a nanoparticle dimer for production of a large-
scale tuned PEIT array is supported by using the knowledge gained in this research 
project to have resonances in the visible or infrared at will. 
 
Babinet’s principle is promising for fabrication of nanoparticles in the case where the 
size of gold crystals and surface roughness can be easily controlled. Length and 
width are easily changed in the FIB software however, multiple samples could be 
deposited before using the FIB which would have meant relatively quick fabrication 
of samples that could have been tested. If other geometric dimensions were the 
objective of the investigations then tuning them would be easily done in FIB but not 
in this case where we have been investigating thickness. Using self-assembled gold 
sheets with a consistent crystal structure would be ideal for using Babinet’s principle 
and would convey all advantages of using the principle in fabrication. While only 
preliminary prototypes of the Verhagen triangle were fabricated, the literature is 
promising in that it may yield a way to guide a plasmon into an array of two identical 
particles to result in PEIT. 
 
In future it is hoped that this information can be used to determine a standard for 
design of simple cloaking nanoarrays for use in novel optoelectronic devices as well 
as aid in the efficiency of nanoparticle fabrication and existing plasmonic optical 
devices. 
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Appendix A: Thermal Evaporator calibration 
EMITECH Thermal Evaporator calibration 
for gold film deposition 
Thomas Woodley 
5/5/12 
 
Aim Find a calibration curve for the EMITECH Thermal Evaporator for gold film 
deposition by coating and measuring samples using AFM. To be considered a 
success, a calibration coefficient must have an error of less than 10nm. 
 
Methods As per the SOP for the EMITECH Thermal Evaporator, samples of gold 
were deposited onto microscope slides and had their thicknesses measured. This 
was achieved by placing a length-measured amount of gold into the evaporator 
basket with a microscope slide in the target tray.  An automatic cycle coating cycle 
was run for each of the segments of each sample, rotating the slide 180° around the 
z-axis for each segment. Once complete, the slides were cut to fit on the sample 
stage of the ND-MDT Solver SPM and had cross-hatching of gold removed by 
scratching with a wooden ruler. These scratches were measured using contact mode 
atomic force microscopy to attain the topography of the sample. The sample size 
was roughly 20μm x 20μm and run at about 2.0Hz. The results were recorded, 
tabulated and had a regression analysis performed on the most usable data. 
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Two alternative methods were tried. One was to use the JA Wollam M2000 UI 
Ellipsometer to take readings. The main result was taken primarily from ellipsometric 
measurements however, it will be futher discussed in Secondary Results, the 
efficacy of using the ellipsometer as the exclusive instrument for metal film thickness 
testing. The ellipsometer was new equipment and procedures to find the thickness of 
a thin film was followed. The second alternative was to use the Asylum Research 
BMT Multiscan AFM due to its microscopic geometry (ability to load microscope 
slides) however, it was found that the stage needed a secondary support to work 
effectively and therefore the Solver AFM was determined to be the more accurate. 
 
Primary Result The most useful result was found using ellipsometric measurements 
that were then verified by AFM once a repeatably accurate protocol for deposition 
was constructed. 
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  Coefficients 
Standard 
Error 
Intercept (nm) 0.0661 1.52 
Calibration Coefficient (nm/cm) 2.61 0.13 
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This yields a result of 2.61±0.13nm of film thickness for each centimetre of gold wire 
placed in the evaporating basket. From previous mass measurements it was seen 
that the gold wire used had a density of 0.00591g/cm therefore yielding another 
useful iteration of the calibration coefficient 443.32±22.00nm of film thickness per 
gram of gold deposited. 
 
As the ellipsometric results were taken as a “best fit” from a field of data that showed 
many bad results, it was necessary to verify that these “best fit” points were not, 
themselves miscalculations of the ellipsometer. This lead to a group of samples 
being scanned by the AFM and their results substituted into their correct places in 
the “best fit” graph. 
 78 
 
 
  Coefficients 
Standard 
Error 
Intercept 0.2461 1.6622 
Calibration Coefficient (nm/cm) 2.6544 0.1478 
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Clearly, the coefficient changes by an almost insignificant 0.03nm/cm and in result 
had the same error as Ellipsometric Results. Either results can be accepted as 
correct however, it was chosen that the value 2.62±0.15nm/cm is the most correct 
calibration coefficient as all of its data was taken using the same process and 
instrumentation.  
 
Secondary Results Due to the unpredictable nature of the Ellipsometer results in 
general for gold film, the device should be used mainly for film thicknesses below 
30nm as demonstrated by the following graph: 
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The inconsistent data shows a general low correlation with a loose positive trend. In 
future, it would be prudent to use cover slides or precut slides to fit onto the AFM to 
gather the most consistent results as the accuracy of the AFM is dictated by the 
quality of its tip and flexibility of its cantilever. 
 
During this experiment, a new protocol for metal film deposition was devised which 
incorporates a multi-evaporation process to ensure a homogeneous, accurate 
deposition. This new protocol has been included in the new standard operating 
procedure for the EMITECH Thermal Evaporator which was written in conjunction 
with this report. 
 
Conclusion The experiment was a great success. It aided in delivering a more 
accurate deposition of thin metal films as well as characterizing the specific 
evaporation calibration coefficient for gold as 2.61±0.13nm/cm. This figure has been 
delivered with less than half of the allowable error. Further, these trials have shown 
the better instrumentation for thickness measurement of thin metal films is the ND-
MDT Solver SPM which will aid in future efficiencies. 
 
